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ABSTRACT 
Wood dust, generated in the processing of wood, is one of the most common organic 
dusts to which humans are exposed. Occupational exposure to wood dust can cause 
several respiratory diseases, such as allergic rhinitis, chronic bronchitis, and asthma. 
Before the present study, however, virtually nothing was known about the cellular and 
molecular mechanisms contributing to wood dust-induced pulmonary inflammation. 
The first line of defence against airway exposure to pathogens and particles is 
mounted primarily by alveolar macrophages. Alveolar macrophages ingest and destroy 
intruding pathogens and particles and secrete a variety of cytokines and chemokines that 
are involved in the development and maintenance of the inflammatory response. In the 
present study, the effects of wood dust exposure on murine macrophage RAW 264.7 
cell line were investigated using four hardwood dusts (oak, birch, beech, and teak) and 
two softwood dusts (pine and spruce). In addition, non-allergic BALB/c mice were used 
to study the direct effects of birch and oak dust exposures on murine lungs, whereas 
ovalbumin-sensitized allergic mice where used to study how oak dust exposure could 
modulate the inflammatory responses in allergic asthma. 
The results in this thesis suggest that both hardwood and softwood dusts can 
influence the development of the inflammatory process through macrophages by 
modulating the expression of macrophage derived cytokines and chemokines. 
Moreover, exposure to wood dust can elicit lung inflammation in mice. The 
inflammation induced by repeated intranasal instillations of wood dust is regulated by 
the induction of pro-inflammatory cytokines, leukocyte-attracting chemokines as well as 
specific chemokine receptors. Exposure to wood dust is also able to modulate allergic 
asthma in mice. Repeated oak dust exposure appears to suppress some markers that are 
typical for the Th2-type immune response occurring in allergic asthma, including 
bronchial responsiveness to inhaled methacholine and the expression of IL-13. 
The results of this pioneering work provide new information about the molecular and 
cellular mechanisms behind wood dust induced airway inflammation. The results may 
be utilized in the design of further wood dust exposure studies (e.g. human studies) as 
well as in the risk assessment of different wood dust species.  
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1 INTRODUCTION 
Wood dust, generated in the processing of wood, can induce several, mainly 
respiratory, diseases. The International Agency for Research on Cancer (IARC) has 
classified wood dust as an IARC Group 1 human carcinogen (IARC, 1995). Previous 
epidemiological studies have shown that there is an increased risk for adenocarcinoma 
of the nasal cavity and paranasal sinuses among workers exposed primarily to hardwood 
dusts (Acheson et al., 1968; Demers et al., 1995). Previous studies have also shown that 
exposure to wood dust is associated with several non-malignant health effects such as 
allergic rhinitis, chronic bronchitis, and asthma (Enarson and Chan-Yeung, 1990; 
Demers et al., 1997). These inflammatory diseases are characterized by the infiltration 
of inflammatory cells such as T-cells, mast cells, basophils, eosinophils, neutrophils, 
and/or macrophages to the site of inflammation (Owen, 2001). 
The first line of defence against airway exposure to organic dust, mineral fibers, or 
fungal spores is mounted primarily by alveolar macrophages (Dörger and Krombach, 
2002; Gordon and Read, 2002; Rimal et al., 2005). These phagocytes ingest and destroy 
intruding pathogens and secrete a variety of cytokines and chemokines that are involved 
in the development and maintenance of the inflammatory response (Borish and Steinke, 
2003). A number of studies have shown that inhalation of bioaerosols results in the 
activation of macrophages, leading to secretion of various inflammatory mediators and 
finally to the recruitment of leukocytes to the site of inflammation (Dörger and 
Krombach, 2002; Mansour and Levitz, 2002; Yucesoy et al., 2002). However, before 
the present study, virtually nothing was known about the molecular and cellular 
mechanisms behind the airway inflammation induced by wood dusts. 
An in vitro model was developed in the present study to elucidate the effects of wood 
dust exposure on cytokine, chemokine, and chemokine receptor expression in the 
murine macrophage RAW 264.7 cell line using four hardwood dusts (oak, birch, beech, 
and teak) and two softwood dusts (pine and spruce). In addition, two in vivo murine 
models were utilized to examine cellular mechanisms by which exposure to wood dust 
particles can induce inflammatory responses in the airways. Non-allergic BALB/c mice 
were used to study the direct effects of wood dust exposure on murine lungs, whereas 
ovalbumin (OVA) sensitized, asthmatic mice were used to study how wood dust 
exposure modulates the inflammatory responses in allergic asthma. 
14 
 
2 REVIEW OF THE LITERATURE 
2.1 Immune response to foreign agents 
2.1.1 Innate and adaptive immunity 
Immune responses against pathogens and various particles can be divided into innate 
and adaptive immunity. The innate immune system is always active and can respond 
immediately to a foreign threat. Tissue macrophages engulf and digest pathogens or 
foreign particles and may release inflammatory mediators such as cytokines and 
chemokines. Cytokines and chemokines secreted as a response to a foreign threat create 
a state of inflammation in a tissue: local blood vessels become dilated and more 
permeable, blood flow increases, heat is generated, the tissue swells, different adhesion 
molecules are expressed on the endothelial cells of blood vessels, and phagocytic 
neutrophils are recruited in large numbers to the site of inflammation from the blood. 
The influx of neutrophils is followed by monocytes that differentiate into macrophages 
in the tissue. The specificity of the innate immune system is based on the recognition of 
common microbial motifs (e.g. bacterial proteoglycans) by germline-encoded receptors. 
In addition to these receptors, phagocytes utilize complement and Fc (fragment 
crystallizable) receptors to engulf opsonized pathogens. Compared to the adaptive 
immune system, the innate immune system is less versatile in the means at its disposal 
to recognize different foreign agents. Moreover, many pathogenic bacteria use a 
protective capsule to conceal the molecules recognized by phagocytes and may thereby 
evade the innate defences. (Janeway et al., 2005)  
Infections that cannot be resolved by the innate immune system trigger adaptive 
immunity. Dendritic cells phogocytose and digest foreign agents, which they recognize 
through the same kind of receptors as utilized by macrophages and neutrophils. 
Dendritic cells are also macropinocytic and engulf large amounts of extracellular fluid. 
In that way even encapsulated bacteria are engulfed and digested and their microbial 
motifs become revealed, leading to activation of dendritic cells. Dendritic cells carry 
foreign antigens into the peripheral lymphoid organs where they present foreign 
antigens to recirculating naïve T-cells. (Janeway et al., 2005) 
Lymphocytes of the adaptive immunity system are able to generate a specific 
response against virtually any foreign antigen. Each naïve lymphocyte possesses antigen 
receptors of a single specificity. However, because the specificity of each lymphocyte is 
different, an enormous amount of different antigens can be recognized by the entire 
lymphocyte population. When a lymphocyte encounters its specific antigen together 
with some other activating signals delivered by an activating cell, it becomes activated 
15 
 
and begins to proliferate and differentiate into an effector cell. Naïve T-cells are 
primarily activated by dendritic cells, whereas naïve B-cells are activated by helper T-
cells (Th cells). Naïve T-cells differentiate into effector T-cells, which have two main 
subclasses: CD8+ cytotoxic T-cells that are able to destroy infected cells and CD4+ Th 
cells that activate other cells of the immune system. Naïve B-cells differentiate into 
plasma cells that secrete antigen-specific antibodies. (Janeway et al., 2005) 
The CD4+ effector Th-cells can be grouped into two major subsets: Th1 and Th2 
cells. Th1-cells help macrophages to destroy intracellular bacteria by inducing the 
fusion of lysosomes with the vesicles containing the bacteria and stimulating other 
bactericidal activities of macrophages. They also secrete cytokines and chemokines that 
recruit more macrophages to the site of infection. Th2-cells have a crucial role in the 
development of the humoral immune response. They help B-cells that have encountered 
their specific antigen to proliferate and differentiate into antibody producing plasma 
cells. (Janeway et al., 2005) 
Plasma cells can produce five main immunoglobulin (Ig) isotypes: IgM, IgD, IgG, 
IgA, and IgE. IgM is the initial Ig isotype produced during a humoral immune response. 
Due to the large size of pentameric IgM molecules, IgM is mainly found in the blood. 
IgM pentamers activate complement and are therefore important in controlling 
infections in the bloodstream. In addition, membrane-bound IgM functions as an 
antigen receptor on B-cells. IgG and IgE are always monomeric, while IgA can also 
form dimers. IgG is the main isotype in the blood and extracellular fluids. IgG 
antibodies assist in phagocytosis by opsonizing pathogens and activating complement.  
IgA acts mainly as a neutralizing antibody and is the most common isotype in 
secretions. IgE levels are very low in blood or extracellular fluid. However, IgE 
antibodies bind effectively to receptors on the surface of mast cells. There they are able 
to trigger mast cells to release mediators that induce some symptoms common to IgE 
mediated allergy (e.g. coughing and sneezing). IgD is mainly expressed on the surface 
of B-cells. Its function is less clear than those of the other isotypes. (Janeway et al., 
2005) 
 The initial adaptive immune response does not take place instantaneously. The clonal 
expansion and differentiation of lymphocytes alone takes 4-5 days. The innate immune 
system has, therefore, an important role in the containment of the infection before the 
more effective defences become ready. (Janeway et al., 2005) 
When the infection is finally resolved, most of the proliferated effector cells are 
removed. However, some effector T- and B-cells persist and form the basis for 
protective immunity against re-infection with the same pathogen. These primed memory 
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T- and B-cells can respond rapidly to the re-infection with the same antigen and evoke 
stronger immune responses than occurred in the first encounter. (Janeway et al., 2005) 
 
2.1.2 Alveolar macrophages and the first line of defence in the airways 
Air flow constantly carries micro-organisms and various particles down the 
respiratory tract. The first line of defence and clearance against this exposure is 
mounted primarily by alveolar macrophages (Dörger and Krombach, 2002; Gordon and 
Read, 2002). To prevent injurious processes, however, the clearance and defence 
mechanisms have to be strictly controlled in the airways. 
Alveolar macrophages are the main phagocytic cells resident in lung tissue (Gordon 
and Read, 2002). They account for up to 95% of cells in bronchoalveolar lavage (BAL) 
under non-inflammatory conditions. On average, there is one alveolar macrophage in 
each alveolus. Alveolar macrophages are derived from monocytes that differentiate into 
mature macrophages when they enter the tissue. They express a variety of surface 
receptors such as mannose, complement, Fc, scavenger, and Toll-like receptors. These 
receptors allow alveolar macrophages to recognize, bind, and phagocytose many 
different types of pathogens. The binding of alveolar macrophages to pathogens is 
assisted by locally produced opsonins (IgA, IgG, surfactant, complement, and 
collectins) (Gordon and Read, 2002; Sano and Kuroki, 2005). In addition to receptor-
mediated phagocytosis and endocytosis, alveolar macrophages are able to internalize 
pathogens, particles, and surfactant by receptor-independent plasma membrane ruffling 
and folding mechanisms (Gordon and Read, 2002). 
In the resting lung, alveolar macrophages downregulate local lymphoid cells and 
thereby prevent them from being activated by irrelevant antigens that are constantly 
carried into the airways by airflow (Strickland et al., 1996a, b; Upham et al., 1997). 
When alveolar macrophages become activated by invading pathogens and particles, 
they may release cytokines and chemokines and other inflammatory mediators, such as 
prostaglandins and leukotrienes (Dörger and Krombach, 2002; Gordon and Read, 2002). 
The secretion of these mediators leads to the state of inflammation in the lung tissue. 
Inflammatory mediators secreted by alveolar macrophages and other effector cells of 
the lung tissue (e.g. epithelial cells) initiate a variety of changes that promote the 
binding of circulating leukocytes to the walls of the local blood vessels (e.g. the 
activation of endothelial cells lining the blood vessels to express different adhesion 
molecules). As a result of these changes, neutrophils, and in the later stages of 
inflammation, monocytes and other leukocytes such as eosinophils and lymphocytes, 
are able to enter the infected site (D'Ambrosio et al., 2001; Ye, 2004). 
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Alveolar capillaries form an extremely extensive network. The majority of 
interactions between leukocytes and endothelial cells occur within this capillary 
network in the lungs. However, the extravasation of leukocytes into the lung tissue does 
not always follow the classic model of sequential rolling, adhesion, and transmigration, 
since rolling is not possible in very narrow (5-6 μm) alveolar capillaries. (D'Ambrosio 
et al., 2001) 
Alveolar capillaries are the main sites of extravasation of neutrophils into the lung 
tissue. Since neutrophils have a diameter of 7 to 8 μm, their speed slows down in 
narrow alveolar capillaries and their shape changes to an elongated form. As a result of 
this, the concentration of neutrophils within pulmonary capillary blood is considerably 
greater than in larger blood vessels. Due to the slow movement and close contact with 
endothelial cells, there is an abundance of neutrophils always ready to respond to the 
inflammatory signals produced by alveolar macrophages and other cells. (Wagner and 
Roth, 2000) 
Alveolar macrophages and neutrophils produce a variety of toxic and anti-bacterial 
products such as hydrogen peroxide (H2O2), nitric oxide (NO), superoxide anion (O2–), 
lactoferrin, and lysozyme that help to kill the invaded pathogens (Ganz and Lehrer, 
1997; Gordon and Read, 2002). Unfortunately, many of these products are also capable 
of evoking tissue injury (Laskin and Pendino, 1995). For example, attempts to 
phagocytose long mineral fibres can lead the release of massive amounts of reactive 
oxygen species (ROS) over a long period of time, which ultimately can damage lung 
tissue (Dörger and Krombach, 2002). Pathogen- or particle-induced uncontrolled 
production of many other effector molecules such as cytokines (IL-1, IL-6, and TNF-D), 
chemokines (CCL3, CXCL2, and CXCL8), growth factors (PDGF/platelet-derived 
growth factor and FGF/fibroblast growth factor), and eicosanoids (LTB4/ leukotriene B4 
and PGE2/prostaglandin E2) by alveolar macrophages and other cells may also evoke 
tissue injury and contribute therefore to pathogen- and particle-induced pulmonary 
diseases (Dörger and Krombach, 2002). On the other hand, alveolar macrophages are 
also capable of ingesting unopsonized particles with a minimal production of 
inflammatory mediators and toxic oxygen metabolites (Kobzik et al., 1990; Kobzik et 
al., 1993). The phagocytosis of unopsonized particles is mediated by scavenger 
receptors, whereas the phagocytosis of opsonized particles is mediated in particular by 
Fc and complement receptors (Dörger and Krombach, 2002). The phagocytosis of 
opsonized particles by Fc receptors has been suggested to trigger alveolar macrophages 
to release cytokines and ROS, whereas the phagocytosis of unopsonized particles by 
scavanger receptors induces only minimal activation of alveolar macrophages. 
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Finally, the ingested particles are transported within the macrophages up the airways 
and out of the lungs or, if they are dissolvable, they become dissolved in the 
macrophages. Clearance mechanisms that cause minimal inflammation are especially 
useful for clearance of inert dusts and particles. These mechanisms minimize the 
potentially damaging effects of unnecessary inflammatory responses. (Dörger and 
Krombach, 2002) 
Both acute cytokine responses and acquired antibody responses are efficiently 
compartmentalized by lung defences to limit the spread of the inflammation (Bice and 
Muggenburg, 1996). In the resting lung, the antigen presenting function of dendritic 
cells appears to be suppressed by alveolar macrophages near the alveoli (Holt et al., 
1993). Moreover, alveolar macrophages are poor antigen presenting cells themselves 
(Gordon and Read, 2002). Rapid phagocytosis and killing by alveolar macrophages 
appears to be the primary defence mechanism in the alveolar region. Cell-mediated 
immune responses are problematic in the alveoli, since they can cause pneumonitis as 
evident in the inflammatory lung diseases such as sarcoidosis (Gordon and Read, 2002). 
On the other hand, dendritic cells play a considerably larger role in the fight against 
pathogens in the other parts of the respiratory tract (Gordon and Read, 2002).  
 
2.1.3 Cytokines, chemokines, and chemokine receptors in immune responses 
2.1.3.1  Cytokines 
Cytokines are small, 8 to 40 kDa, non-structural proteins that regulate host responses 
to infection, inflammation, and trauma. They are involved in cell trafficking during 
inflammation and the cellular arrangement within the immune organs. They influence 
whether an immune response develops, and if so, whether it is allergic, cell-mediated, 
cytotoxic, or humoral. In many cases, the synergistic action of several cytokines is 
required to achieve the desired outcomes. Furthermore, the actions of cytokines lead 
typically to cascades of responses. Pro-inflammatory cytokines promote inflammation 
whereas anti-inflammatory cytokines suppress the activity of pro-inflammatory 
cytokines. However, several cytokines have both pro-inflammatory and anti-
inflammatory potentials. Moreover, each cytokine may have a completely different 
function on different targets and during different stages of the immune response. 
Altogether, the interplay between cytokines appears to be very complex but strictly 
controlled. (Dinarello, 2000; Borish and Steinke, 2003; Steinke and Borish, 2006) 
Major pro-inflammatory cytokines IL-1E (interleukin-1E), IL-6 (interleukin-6) and 
TNF-D (tumor necrosis factor-D) promote the state of inflammation. At the systemic 
level, they cause fever and induce the production of acute phase proteins (Janeway et 
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al., 2005). Mononuclear phagocytic cells are the main source of pro-inflammatory 
cytokines, but also a variety of other cells can produce these mediators (Borish and 
Steinke, 2003). Bacterial components, such as lipopolysaccharide (LPS), are potent 
inducers of pro-inflammatory cytokines. Their production is regulated by several 
cytokines and other inflammatory mediators.  
IL-1E and TNF-D are 'alarm cytokines' that initiate inflammation (Apte and Voronov, 
2002). TNF-D and IL-1E share many biological properties and a deficiency in one may 
be substituted by the other because of their overlapping activities (Fantuzzi et al., 1996). 
They both induce endothelial cells to express several adhesion molecules such as 
intracellular adhesion molecule (ICAM)-1, vascular cell adhesion molecule (VCAM)-1, 
and E-selectin, which contribute to the adhesion of leukocytes to endothelium (Borish 
and Steinke, 2003). Both IL-1E and TNF-D are important in promoting neutrophil 
infiltration (Mizgerd, 2002). In addition to causing inflammation themselves, IL-1E and 
TNF-D induce a variety of pro-inflammatory genes, such as phospholipase A2, cyclo-
oxygenase 2 (COX-2), inducible nitric oxide synthase (iNOS), and other cytokines and 
chemokines (Dinarello, 2000; Apte and Voronov, 2002; Dinarello, 2002). Pro-
inflammatory cytokines make also an important contribution to the adaptive immune 
response. For example, they stimulate the migration of dendritic cells to local lymphoid 
organs, activate T-cells, and promote B-cell proliferation and maturation and the 
synthesis of immunoglobulins (Borish and Steinke, 2003; Janeway et al., 2005).  
The production of major Th1 cytokines is a hallmark of cell-mediated Th1-type 
immune response. IL-12 is important in the development of Th1-type response, whereas 
IFN-J (interferon-J) mediates effector functions of Th1 lymphocytes. IFN-J activates 
monocytes and macrophages to kill intracellular pathogens and promotes their cytokine 
production and antigen presentation. IFN-J also stimulates killing by neutrophils and 
natural killer (NK) cells and induces B-cells to produce IgG antibodies that mediate 
opsonization and phagocytosis. (Jankovic et al., 2001; Borish and Steinke, 2003; 
Janeway et al., 2005; Netea et al., 2005) 
Th2 lymphocytes are associated with humoral immunity and produce cytokines such 
as IL-4, IL-5, and IL-13, which promote IgE antibody production and activation of 
eosinophils and mast cells. Th2-cell-mediated immune responses predominate during 
infestations by gastrointestinal nematodes, but they have also a role in triggering 
responses against innocuous antigens in atopic allergy. (Jankovic et al., 2001; Janeway 
et al., 2005) 
In addition to cytokines that stimulate inflammation, there are also anti-
inflammatory/regulatory cytokines. Immature dendritic cells and mononuclear 
phagocytes express constitutively IL-10 in the respiratory tract to generate tolerance to 
20 
 
benign bioaerosols (Steinke and Borish, 2006). Also several other cell types, such as 
Th1 and Th2 lymphocytes, TR1 regulatory lymphocytes, B-cells, mast cells, and 
cytotoxic T-cells, may produce IL-10. TGF-E (transforming growth factor-E) is a potent 
immunosuppressor expressed by the majority of malignant tumors and also by activated 
macrophages, B-cells, T-cells as well as some other cells (Cerwenka and Swain, 1999; 
Ma, 2001; Wojtowicz-Praga, 2003; Steinke and Borish, 2006). TGF-E has been reported 
to inhibit multiple T-cell functions, immunoglobulin secretion by B-cells, cytotoxicity 
of mononuclear phagocytes and NK cells, and proliferation of many different cell types 
such as epithelial cells, mast cells, and T-cells (Cerwenka and Swain, 1999; Borish and 
Steinke, 2003; Chin et al., 2004). Both IL-10 and TGF-E are able to inhibit the 
production of several cytokines (Cerwenka and Swain, 1999; Steinke and Borish, 2006). 
 
2.1.3.2 Chemokines 
Chemokines are small (8 to 14 kDa) chemotactic cytokines that, together with 
adhesion molecules, are major controllers of leukocyte migration from the circulation 
into the tissues. In addition to being chemoattractants, they also induce different effector 
responses in their target cells and are involved in cell survival. By recruiting 
inflammatory effector cells to the sites of inflammation, chemokines also contribute to 
the local expression of inflammatory cytokines and influence, thereby, disease 
progression and chronicity. The binding of chemokines to glycosaminoglycans 
immobilises them on extracellular matrixes or cell surfaces, where they form gradients 
which guide migrating leukocytes. Proteolytic processing of secreted chemokines may 
regulate their activity. Proteolytic cleavage may increase the activity of some 
chemokines or conversely it may inactivate them. Furthermore, some of the cleavage 
products possess antagonistic properties. (Mellado et al., 2001; Onuffer and Horuk, 
2002; Borish and Steinke, 2003; Moser et al., 2004) 
Chemokines can be divided into four subfamilies according to their NH2-terminal 
cysteine-motifs (Borish and Steinke, 2003; Moser et al., 2004). The two main families 
are CC and CXC chemokines. The CC family is characterized by two NH2-terminal 
cysteines that are located next to each other. In the chemokines of the CXC family, 
these two cysteine residues are separated by one amino acid. Unlike the CC 
chemokines, which target a variety of cells, the CXC chemokines target mainly 
neutrophils and lymphocytes (Zimmermann et al., 2003). Those CXC chemokines that 
contain a glutamic acid-leucine-arginine (ELR) motif immediately preceding the first 
conserved cysteine (e.g. chemokines CXCL2 and CXCL5) are potent neutrophil 
chemoattractants, whereas the CXC chemokines that do not contain that motif do not 
possess this property (Strieter et al., 1995). 
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Chemokines can be grouped into inflammatory, homeostatic, or dual-function 
chemokines according to their function. Inflammatory chemokines recruit leukocytes in 
inflammation, infection, tissue injury, and tumors. Homeostatic chemokines are 
expressed constitutively and they guide leukocytes during hematopoiesis in the bone 
marrow and thymus, during initiation of adaptive immune responses in lymph nodes, 
spleen, and Peyer's patches, and in immune surveillance of healthy peripheral tissue. 
The expression of dual-function chemokines can be increased during inflammation to 
control immune defence, but they also regulate non-effector leukocytes such as 
precursor and resting mature leukocytes. (Moser et al., 2004) 
Table 1 presents the chemokines analyzed in the present study. 
 
2.1.3.3  Chemokine receptors 
The cell responses to chemokines are mediated by seven-transmembrane G protein 
coupled chemokine receptors. Binding of chemokines to their specific chemokine 
receptors on the plasma membrane leads to the activation of intracellular receptor-
coupled heterotrimeric G-proteins. Subsequently, these activated G-proteins can initiate 
a variety of intracellular signaling cascades, for example by activating phospholipase C 
and/or adenylate cyclase. Activation of phospholipase C leads to the production of 
second messengers inositol triphosphate (IP3) and diacylglycerol (DAG), which trigger 
several downstream events including the mobilization of intracellular Ca2+ and 
activation of protein kinase C. Increased cytoplasmic free Ca2+ activates the Ca2+-
binding protein calmodulin, which in turn activates several Ca2+-dependent enzymes. 
Members of the protein kinase C family initiate several signaling pathways, including 
phosphorylation of several transcription factors. One of these transcription factors is 
nuclear factor NB (NFNB), which activates the expression of several cytokines.  
Activated adenylate cyclase produces another second messenger, cyclic adenosine 
monophosphate (cAMP), which activates protein kinase A. Activated protein kinase A 
phosphorylates specific serines or threonines of the target proteins, thereby regulating 
their activity. In addition to these signaling pathways, G protein-coupled chemokine 
receptors regulate cellular events through mitogen-activated protein kinases (MAPK) 
and some other pathways. These numerous intracellular pathways, which are activated 
by G protein-coupled chemokine receptors, affect chemotaxis, cell polarization, gene 
expression, metabolism, adhesion, and cell division. (New and Wong, 2003; Moser et 
al., 2004; Janeway et al., 2005)  
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Table 1. Functional subfamilies and major chemotactic target cells of the chemokines 
analyzed in the present study (Le et al., 2004; Moser et al., 2004; Janeway et al., 2005). 
*In the current literature, mouse MIP-2 is most often called CXCL2. Therefore, this 
name is used in this thesis instead of CXCL2/3 which was used in the articles I-IV. 
 
Chemokine Functional 
subfamily
Major chemotactic target cells
CCL1 dual-function monocytes, T-cells, neutrophils
CCL2 inflammatory monocytes, T-cells, basophils, NK cells, 
progenitors
CCL3 inflammatory monocytes/macrophages, T-cells, NK cells, 
basophils, eosinophils, dendritic cells, 
hematopoietic progenitors
CCL4 inflammatory monocytes/macrophages, T-cells, dendritic 
cells, NK cells, basophils, progenitors
CCL5 inflammatory T-cells, eosinophils, basophils, NK cells, 
dendritic cells, monocytes/macrophages
CCL8 inflammatory monocytes, T-cells, eosinophils, basophils, 
NK cells
CCL11 inflammatory eosinophils, T-cells
CCL12 inflammatory monocytes, T-cells, eosinophils
CCL17 dual-function T-cells, immature dendritic cells, NK cells, 
thymocytes
CCL20 dual-function T-cells, B-cells, peripheral blood 
mononuclear cells, dendritic cells
CCL24 inflammatory effector Th2 cells, eosinophils, basophils
CCL27 inflammatory T-cells
CXCL2* inflammatory neutrophils, endothelial cells
CXCL5 inflammatory neutrophils
CXCL9 dual-function T-cells, progenitors
CXCL12 homeostatic monocytes, B-cells, T-cells, dendritic cells, 
hematopoietic progenitors, non-hematopoietic 
cells
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The chemokines of the CC and CXC families interact with the receptors of CCR and 
CXCR receptor families, respectively. Many of the chemokine receptors are able to bind 
several different chemokines. As a consequence, many chemokines have overlapping 
functions. In addition, some chemokines have both agonistic and antagonistic activities 
on different chemokine receptors. Phosphorylation and internalization of chemokine 
receptors are used to regulate the interactions and the responsiveness of the cells to 
chemokines. Moreover, migrating cells utilize a process of rapid receptor internalization 
and redistribution to direct their movements according to the chemokine gradients. 
(Onuffer and Horuk, 2002; Moser et al., 2004) 
Table 2 presents the expression and ligands for the chemokine receptors analyzed in 
the present study. 
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Table 2. The expression and ligands of the chemokine receptors analyzed in the present 
study. (Murphy et al., 2000; Onuffer and Horuk, 2002; Le et al., 2004) 
 
Receptor Expression Ligands
CCR1 NK cells, T-cells, immature dendritic 
cells, monocytes/macrophages, 
basophils, platelets, eosinophils, 
neutrophils, mesangial cells
CCL2, CCL3, CCL4, 
CCL5, CCL7, CCL8, 
CCL13, CCL14, 
CCL15, CCL16, 
CCL23
CCR2 NK cells, B-cells, T-cells, immature 
dendritic cells, monocytes/macrophages, 
basophils, neutrophils, endothelial cells, 
fibroblasts
CCL2, CCL7, CCL8, 
CLL12, CCL13, 
CCL16
CCR3 T-cells, basophils, eosinophils, mast 
cells, platelets, dendritic cells
CCL5, CCL7, CCL8, 
CCL11, CCL13, 
CCL14, CCL15, 
CCL24, CCL26, 
CCL28
CCR4 thymocytes, NK cells, T-cells, 
immature dendritic cells, basophils, 
platelets
CCL17, CCL22
CCR5 thymocytes, B-cells, T-cells, 
immature and mature dendritic cells, 
macrophages, monocytes, NK cells, 
aortic smooth muscle cells
CCL3, CCL4, CCL5, 
CCL7, CCL8, CCL11, 
CCL13, CCL14, 
CCL20
CCR7 B-cells, T-cells, mature dendritic cells CCL19, CCL21
CCR8 thymocytes, B-cells, T-cells, 
monocytes/macrophages, neutrophils
CCL1, CCL4, 
CCL16, CCL17
CCR10 T-cells, melanocytes, dermal 
endothelium, dermal fibroblasts, 
Langerhans cells
CCL27, CCL28
CXCR2 neutrophils, monocytes/macrophages, 
eosinophils, T-cells, dendritic cells, 
endothelium, mast cells
CXCL1, CXCL2, 
CXCL3, CXCL5, 
CXCL6, CXCL7, 
CXCL8
CXCR3 B-cells, T-cells, neutrophils, dendritic 
cells, eosinophils, platelets, mesangial 
cells, smooth muscle cells, NK cells, 
endothelial cells
CXCL9, CXCL10, 
CXCL11
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2.2 Wood dust: exposure and health effects 
2.2.1  Hardwoods and softwoods and their chemical components 
It has been estimated that there are about 12,000 tree species growing on the Earth. 
Trees are characterized botanically as angiosperms (generally referred to as hardwoods), 
which have encapsulated seeds, and gymnosperms (generally referred to as softwoods), 
which have exposed seeds. The wood in hardwoods is also somewhat denser than 
softwoods. However, the density varies greatly within these two groups and some 
softwood species can be harder than some hardwood species. The majority of tree 
species are hardwoods, only about 800 species are softwoods. (IARC, 1995) 
Cellulose, hemicelluloses, and lignin are the main components of both hardwood and 
softwood (IARC, 1995). In addition, there are also a large number of lower-relative-
molecular-mass substances, which are soluble either in polar organic solvents 
(flavonoids, lignans, quinones, and tannins) or in non-polar organic solvents (alcohols, 
fatty acids, glycerols, resin acids, sterols, steryl esters, terpenes, and waxes), or 
substances which are water-soluble (alkaloids, carbohydrates, proteins, and inorganic 
material). These extractives can affect significantly the properties of wood. For 
example, they may contribute to the conservation and protection of wood (Cheng et al., 
2005).  
In addition to the natural components of wood, wood material can contain additives, 
natural or synthetic products, that may have been used in forestry or may have been 
added to the wood during the processing or manufacturing of wood products. The 
number of these additives is considerable ranging from phytopharmaceuticals used in 
commercial forestry to different compounds used in the surface treatments of finished 
wood products. Furthermore, the chemical structure of the additives and the natural 
constituents of wood may have been altered during modern treatment procedures (e.g. 
heat-treatment of wood). Wood material may also contain micro-organisms, such as 
bacteria and molds, and other impurities. (IARC, 1995) 
 
2.2.2 Occupational exposure to wood dust 
Wood is a widely used material for construction, fuel, furniture, veneer production, 
and many other purposes. In 1990, worldwide wood production was more than 3,300 
million m3, of which 49% were used for fuel and charcoal and 51% for industry 
(Demers et al., 1997). It has been estimated that in 1990 58% of harvested wood was 
hardwood and 42% softwood. In Europe, these figures were 29% for hardwood and 
71% for softwood. Two-thirds (69%) of the wood used by industry worldwide belongs 
to the group of softwoods. The harvested tree species can vary considerably in the 
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different countries and even between different regions of a single country. The most 
frequently used wood species in Finland are pine, spruce, birch, beech, and oak 
(Liukkonen et al., 2003). 
It has been estimated that approximately 3.6 million workers (2.0% of all employed 
workers) in 25 European Union member states were exposed occupationally to 
inhalable wood dust in 2000-2003 (Kauppinen et al., 2006). During this period, about 
65,000 workers (2.7% of all employed) were exposed to wood dust in Finland. Workers 
may become exposed to wood dust in a wide variety of industries such as forestry and 
logging, sawmilling, manufacture of plywood and other boards, wooden furniture 
manufacture and cabinet-making, manufacture of other wooden products (paper, 
transport equipment, musical instruments, toys, sports equipment, doors, coffins, 
barrels, boats, fences etc.), construction industry, maintenance and repair, pattern and 
model making, and teaching of woodworking (IARC, 1995). The most common 
industries where workers became exposed to wood dust in the EU in 2000-2003 were 
construction (33% of all exposed employees), manufacture of furniture (20%), 
manufacture of builders' carpentery (9%), sawmilling (5%), and forestry (4%) 
(Kauppinen et al., 2006).  
The major woodworking processes include debarking, sawing, sanding, planing, 
jointing, moulding, shaping, turning, boring, routing, carving, mortising, veneer cutting, 
chipping, flaking, hogging, grinding, and mechanical defibrating (IARC, 1995). The 
highest exposures to wood dust have been generally reported in wood furniture and 
cabinet manufacture, especially during machine sanding and similar operations. 
According to Teschke et al. (1999), the highest exposures to wood dust in the 
industries and occupations of the U.S.A. in 1979-1997 occurred among sanders in the 
transportation industry (17.5. mg/m3), press operators in the wood products industry 
(12.3 mg/m3), lathe operators in the furniture industry (7.46 mg/m3), and sanders in the 
wood cabinet industry (5.83 mg/m3). In the U.S.A., exposure levels had decreased 
significantly during this study period. In the EU in 2000-2003, 16% of the exposed 
workers were exposed to high levels of wood dust (>5 mg/m3) and 21% of the exposed 
workers to low levels (<0.5 mg/m3) (Kauppinen et al., 2006). For Finland, these figures 
were 9% and 37%, respectively. In the EU, 45% of workers, who were exposed to high 
levels of wood dust (>5 mg/m3), were employed in the construction sector. Mixed 
exposure to several wood dust species is very common. For example in France in 2000-
2003, more than 75% of workers exposed to wood dust were exposed to several wood 
dust species (Kauppinen et al., 2006). 
Wood dust, generated in the processing of wood, is typically a mixture of wood dust 
particles of many different sizes. All airborne wood dust particles are not able to reach 
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all parts of the respiratory tract. With respect to inhalable dust, the largest particles are 
able to reach only the upper airways (50% capture of 100 μm aerodynamic diameter 
particles), whereas thoracic dust is a fraction of the inhaled particles that pass the larynx 
(50% capture of 10 μm aerodynamic diameter particles) (SCOEL, 2003). The respirable 
fraction is composed of very fine dust particles, which are able to reach the gas-
exchange (alveolar) regions of the lung (particles that have smaller than ~10 Pm 
aerodynamic diameter, 50% capture of 4 μm aerodynamic diameter particles) (SCOEL, 
2003). Therefore, the particle size of wood dust significantly determines whether the 
wood dust particles are able to reach the lower parts of the respiratory tract (Gordon and 
Read, 2002). In addition to the particle size, certain other factors such as the shape and 
density of wood dust particles, the concentration of wood dust particles in the air, the 
intensity of respiratory airflow, and exposure time can affect significantly the amount of 
wood dust deposited within the airways (IARC, 1995). 
Most of the wood dust found in work environments, measured by mass, has a mean 
aerodynamic diameter of more than 10 Pm and is not respirable (IARC, 1995; SCOEL, 
2003). Mass median aerodynamic diameters ranging from 1-26 Pm have been reported 
(Demers et al., 1997). Only a relative small portion of the mass of airborne dust (< 
10%) has an aerodynamic diameter of less than 10 Pm (Chung et al., 2000). However, 
when the airborne wood dust, generated in the processing of wood, is measured by 
particle numbers counts, the proportion of respirable particles is significantly greater 
(Chung et al., 2000). Moreover, small respirable particles are suspended and can spread 
efficiently in the air and are therefore able to expose workers to wood dust for a long 
time even after the wood processing work has finished. Woodworking processes such as 
sanding produce generally smaller wood dust particles than, for example, rough cutting 
(Demers et al., 1997; Chung et al., 2000). Moreover, processing of dry wood generates 
greater amounts of inhalable dust particles than processing of moist wood (IARC, 
1995).  
The EU directive (1999/38) has set the occupational exposure limit (OEL) for 
hardwood dust as 5 mg inhalable dust in each cubic meter of workroom air. 
Nonetheless, wood dust exposures even below 5 mg/m3 have been reported to cause 
significant pulmonary effects (SCOEL, 2003). Therefore, the Scientific Committee for 
Occupational Exposure Limits (SCOEL) has proposed a new OEL of 1-1.5 mg/m3 
(inhalable fraction) for wood dust (SCOEL, 2003). 
 
2.2.3 Health effects of wood dust exposure 
Repeated exposure to airborne wood dust particles has long been associated with an 
increased risk of many adverse health effects including respiratory problems, skin 
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symptoms, and even cancer (Demers et al., 1997). Epidemiological studies have 
detected an increased risk for sino-nasal adenocarcinoma among workers exposed to 
wood dust (IARC, 1995; Demers et al., 1997; Andersen et al., 1999; SCOEL, 2003). 
Other types of nasal cancers, such as squamous-cell carcinoma of the nasal cavities and 
paranasal sinuses, have also been suspected to be associated with exposure to wood 
dust. However, the overall epidemiological evidence has not been consistent enough to 
confirm the association between wood dust exposure and the nasal cancers other than 
adenocarcinomas (IARC, 1995). This also applies to other site specific cancers, such as 
lung cancer. The mechanisms accounting for wood dust-induced sino-nasal 
adenocarcinoma are almost completely unknown. Some studies indicate overexpression 
of tumor suppressor p53 in the nasal cells exposed to wood dust (Valente et al., 2004; 
Yom et al., 2005). Exposure to wood dust may also damage DNA (Palus et al., 1999; 
Bornholdt et al., 2007). 
According to the current literature, hardwoods seem to be more hazardous to human 
health than softwoods. The highest risk for sino-nasal cancer has been found among 
workers exposed mainly to hardwood dusts (IARC, 1995; SCOEL, 2003). The most 
common species identified in the studies on cancer have been beech and oak 
(Mohtashamipur et al., 1989; Nylander and Dement, 1993; Wolf et al., 1998; Klein et 
al., 2001; SCOEL, 2003). The link between softwood dusts and sino-nasal cancer is less 
evident (Demers et al., 1997). Furthermore, employees are usually exposed to several 
wood dust species simultaneously or during a short period of time. It is therefore 
difficult to compare the harmful potential of different wood dust species or different 
wood dust groups (e.g. hardwood dusts vs. softwood dusts) by evaluating the data 
collected in the majority of the epidemiological studies. 
Wood dust has been classified by the IARC as being carcinogenic to humans (group 
1) (IARC, 1995). According to the expert group of the IARC, adenocarcinoma of the 
nasal cavities and paranasal sinuses is clearly associated with exposure to hardwood 
dust. However, the expert group has pointed out that there are too few studies to 
evaluate cancer risks attributable to exposure to softwood alone. 
In addition to cancer, both hardwoods and softwoods are known to cause irritation, 
bronchial hyperresponsiveness, and airway inflammation. The reported non-malignant 
diseases and symptoms associated with wood dust exposure include occupational 
rhinitis, chronic bronchitis, asthma, conjunctivitis, allergic contact dermatitis, allergic 
alveolitis, cryptogenic fibrosing alveolitis, organic dust toxic syndrome, airflow 
obstruction, and irritation in the eyes, airways, and skin (Enarson and Chan-Yeung, 
1990; Flechsig and Nedo, 1990; Demers et al., 1997; SCOEL, 2003; Majamaa and 
Viljanen, 2004). Numerous wood dust species have been indicated to be causative 
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agents, especially in asthma. In some cases however, various symptoms can be 
attributable, at least in part, to bacteria and fungi that can be abundant in wood dust, 
especially if the wood has been stored under warm and humid conditions (Alwis et al., 
1999). 
The molecular and cellular mechanisms of the wood dust-induced inflammatory 
diseases are poorly known. Plicatic acid has been identified to be the causative agent of 
western red cedar asthma (Chan-Yeung, 1994). The BAL fluids of the patients with 
western red cedar asthma have been reported to contain histamine and other 
inflammatory mediators (such as prostaglandin D2, leukotriene E4 and thromboxane B2), 
which suggests that mast cells have been activated (Chan-Yeung, 1994). However, 
western red cedar asthma and the release of histamine induced by plicatic acid do not 
appear to be dependent on plicatic acid-specific IgE antibodies in most individuals 
(Frew et al., 1993; Chan-Yeung, 1994; Frew et al., 1998a). Therefore, cell-dependent 
immunological mechanisms have been proposed as being involved in this disease. Frew 
et al. (1998b) have reported that PA-HSA-specific (plicatic acid conjugated to human 
serum albumin) T-cells seem to be present in small numbers in the peripheral blood of 
patients with western red cedar asthma and they may respond to antigenic exposure by 
producing IFN-J and IL-5. Obata et al. (1999) have observed that the late asthmatic 
reaction induced by plicatic acid in patients with western red cedar asthma is associated 
with an increase in sputum eosinophils. Also eastern white cedar dust contains plicatic 
acid, though only about half the amount present in western red cedar. Cartier et al. 
(1986) have published a case report of a worker who had an occupational asthma caused 
by eastern white cedar. In that case, the patient had elevated specific IgE levels to 
plicatic acid. For woods other than western red cedar and eastern white cedar, both IgE-
dependent and IgE-independent mechanisms have been suggested as being involved 
(Higuero et al., 2001; Ricciardi et al., 2003). 
Inflammatory diseases such as asthma, allergic alveolitis, allergic contact dermatitis, 
conjunctivitis, and bronchitis are characterized by the infiltration of inflammatory cells 
(T-cells, mast cells, basophils, eosinophils, neutrophils, and/or macrophages) to the site 
of inflammation (Owen, 2001; McSharry et al., 2002; Sebastiani et al., 2002; Stahl et 
al., 2002; Hamid et al., 2003). Some previous studies suggest that wood dust exposure 
may increase the amount of inflammatory cells and cytokine expression. Healthy 
volunteers exposed to Scots pine dust and other air contaminants occuring in a sawmill 
have been reported to have increased levels of IL-6 protein in their nasal lavage fluid 
(Dahlqvist et al., 1996). Wintermayer et al. (1997) examined the BAL fluids of healthy 
volunteers and detected an increase in the CXCL8 level and an elevation in neutrophils 
percentage after exposure to wood chip mulch dust. Åhman et al. (1995) have observed 
30 
 
a relationship between the percentage of neutrophils in nasal lavage fluid and the 
number of classes during the working week taken by industrial art teachers that were 
exposed to wood dust and other irritants. Grippenbäck et al. (2005) have reported that 
the concentration of T-lymphocytes and eosinophils increases in BAL fluid when 
healthy people are exposed to pine dust. 
The mechanisms of wood dust-induced inflammation have also been studied using 
cell cultures. Long et al. (2004) have reported that pine dust can induce TNF-D and 
CXCL2 expression in rat alveolar macrophages by a mechanism, which, at least in part, 
is mediated by ROS. Bornholdt et al. (2007) have observed that birch, teak, pine, and 
spruce dusts induce IL-6 mRNA (messenger RNA) expression in the human lung 
epithelial cell line A549. The same cells also expressed an increased amount of CXCL8 
mRNA after exposure to beech, oak, birch, teak, pine, or spruce dusts and CXCL8 
protein after exposure to birch, teak, pine, or spruce dusts.  
According to Naarala et al., (2003) pine and birch dust exposure induces a 
concentration dependent (1-100 Pg/ml) ROS production in mouse macrophage RAW 
264.7 cell line and in human polymorphonuclear leukocytes. In their study, beech dust 
was not as potent an inducer of ROS production as pine and birch dusts. Higher 
concentrations (500 and/or 1000 Pg/ml) of pine or birch dusts reduced ROS formation, 
but this was probably due to necrotic cell death. Naarala et al. (2003) have also reported 
that exposure of mouse macrophage RAW 264.7 cell line cells to birch or beech dusts 
with a small particle size (< 5 Pm) induces greater ROS production than exposure of 
these cells to wood dusts with a wide range of particle sizes. Some studies also indicate 
that wood dust exposure may decrease the viability of the exposed cells (Liu et al., 
1985; Naarala et al., 2003; Bornholdt et al., 2007). 
Figure 1 summarizes the previously reported changes in the expression of cytokines 
and chemokines in cell cultures and humans after exposure to wood dust. 
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Figure 1. Summary of the observed changes in the expression of cytokines and 
chemokines in cell cultures and humans after exposure to wood dust according to the 
previous studies (for details, see the text). As far as I am aware, the expression of 
cytokines and chemokines after exposure to wood dust has not been studied in animal 
models before the present study. 
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3 AIMS OF THE STUDY 
The overall aim of this study was to increase the knowledge of the molecular and 
cellular mechanisms behind wood dust induced pulmonary inflammation.  
  
The specific aims of the study were: 
 
1. To elucidate the effects of wood dust exposure on cytokine and chemokine 
 expression in mouse macrophage RAW 264.7 cell line (I-II). 
 
2. To examine the effects of wood dust exposure on the development of 
 pulmonary inflammation in non-allergic BALB/c mice (III). 
 
3. To examine the immunomodulatory effects of wood dust exposure on 
 allergic airway inflammation in OVA-sensitized, asthmatic BALB/c  mice 
 (IV). 
 
4. To determine whether there are any differences between wood dusts from 
 different species in their ability to induce inflammatory responses in RAW 
 264.7 macrophages and in the lungs of mice (I-III). 
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4 MATERIALS AND METHODS 
The materials and methods used in this study are described in detail in the original 
publications (I-IV). 
  
4.1 Experimental models (I-IV) 
4.1.1  RAW 264.7 cell line model for in vitro studies (I-II) 
The murine macrophage RAW 264.7 cell line was used in the present study to study 
the effects of wood dusts in a simple experimental system. The study plan was to 
characterize in detail the effects of several different wood dust species on cytokine, 
chemokine, and chemokine receptor expression on macrophage cells before proceeding 
to animal experiments. The results from the in vitro experiments (I-II) were expected to 
be useful for the design of the in vivo experiments (III-IV), in which only a limited 
number of wood dust species could be examined because of the labour-intensive nature 
of those experiments. The RAW 264.7 cell line was chosen for the present study, since 
it is a well-characterized and widely used murine macrophage model and because RAW 
264.7 cells are easy to maintain and can be produced in large quantities. 
The RAW 264.7 cell line was established from ascites from a tumor induced in a 
male mouse by intraperitoneal (i.p.) injection of Abelson Murine Leukemia Virus in the 
1970's (Raschke et al., 1978). Since then it has been used as a murine macrophage-like 
cell model in numerous studies, in which a variety of macrophage functions such as 
phagocytosis, ROS generation, apoptosis, and cytokine production as well as the effects 
of different exposures on macrophages have been studied (Naarala et al., 2003; Ganesan 
et al., 2004; Pylkkänen et al., 2004; Ranjan et al., 2004; Seminara et al., 2007). Naarala 
et al. (2003) used the RAW 264.7 cell line when they studied the effects of wood dusts 
on the redox status and cell death in mouse macrophage cells in vitro. RAW 264.7 cell 
line has also been exposed to several other dusts or particles. Dust or particle exposure 
may induce cytokine and chemokine expression in RAW 264.7 cells (Jalava et al., 
2006). 
 
4.1.2 BALB/c mouse models for animal studies (III-IV) 
BALB/c is an inbred, albino mouse strain, which has been used in numerous studies. 
Previously, BALB/c mice have been exposed intranasally (i.n.) to a variety of agents, 
such as bacteria, house dust mite extracts, ambient particles with OVA, and mould 
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spores, resulting in lung inflammation (Leino et al., 2003; Cates et al., 2004; 
Steerenberg et al., 2004; Widney et al., 2005) but these animals had not been used to 
study the effects of wood dust exposure before the present study. A BALB/c model was 
utilized in study III to examine the cellular mechanisms by which exposure to birch and 
oak dust induces inflammatory responses in the airways. 
The method for i.n. administration in the present study was a modification of the 
method used previously by Leino et al. (2003). Anaesthetised mice were allowed to 
inhale i.n. administered dust suspensions into the lungs. I.n. administrations were used 
for wood dust exposures, because they are easy to carry out and cause only minor, if 
any, irritation to the lungs by themselves. Therefore, the effects of repeated, relatively 
long-term wood dust exposure could be studied in mice. I.n. instillations were preferred 
to intratracheal instillations in this study, since the latter would have been more 
invasive and more difficult to carry out than i.n. instillations. Another alternative 
exposure method, the nebulizing of wood dust into a closed exposure chamber where a 
mouse would have inhaled the dust, would have required the use of much more fine 
wood dust than it was possible to produce. 
The murine asthma models, in which BALB/c mice are sensitized and challenged 
with OVA, are also widely used. Several studies indicate that a variety of agents can 
modulate OVA-induced allergic asthma in BALB/c mice (Blanchet et al., 2005; Leino 
et al., 2006). OVA-sensitized, asthmatic mice were used in study IV to examine how 
wood dust exposure (oak dust) could modulate the inflammatory responses in allergic 
asthma. The used OVA-asthma model was a modification of the method used 
previously by Leino et al. (2006). According to the current literature, mice asthma-
models have not been used to study the effects of wood dust exposure before the present 
study. 
 
4.2 Materials (I-IV) 
4.2.1 Wood dust for in vitro studies (I-II) 
Six wood species were chosen for the in vitro studies: four hardwoods (oak, birch, 
beech, and teak) and two softwoods (pine and spruce). All of them are widely used and 
have a significant economical importance. 
Oak (Quercus robur), birch (Betula pendula), teak (Tectona grandis), beech (Fagus 
silvativa), spruce (Picea abies), and pine (Pinus sylvestris) dust was produced from 
industrially dried, knotless board using a dust collecting face-grinding machine with 
400-grit sanding paper. Scanning electron microscopy was used for particle size 
distribution analyses. More than 90% of particles of all the used wood dusts had 
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diameters less than 5 Pm (I: Fig. 1, II: Fig. 1). The wood dusts were tested for the 
presence of endotoxins with a kinetic Limulus amebocyte lysate (LAL) test. The 
endotoxin concentrations were 70 pg/mg for oak dust, 220 pg/mg for birch dust, 20 
pg/mg for teak dust, 30 pg/mg for beech dust, 40 pg/mg for spruce dust, and 50 pg/mg 
for pine dust. 
 
4.2.2 Wood dust for animal studies (III-IV) 
Very fine oak (Quercus alba) and birch (Betula pendula) dusts for the mice studies 
were generated using a band saw from industrially dried, knotless board. A vertical 
elutriator (Fig. 2) was used to separate the fine dust from chips and coarse particles.  
 
 
 
Figure 2. The apparatus used for the production of wood dust for animal experiments: 
the band saw (1), the vertical elutriator (2), the laser particle monitor (3), the pump for 
generating airflow (4), and the dust collector at the end of the output duct (5). 
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The size distribution of wood dust particles was monitored in real time with a laser 
particle monitor. More than 99% of birch and oak dust particles had a particle size  5 
Pm (III: Fig. 1). The tests showed that the macrophages in the BAL contained an 
abundance of dust particles after the mice had been exposed to this very fine wood dust 
(III: Fig. 3). Since alveolar macrophages account for up to 95% of cells in BAL in non-
inflammatory conditions (Gordon and Read, 2002), these observations indicate that i.n. 
administered very fine wood dust was able to reach the alveolar region of the lungs. 
The endotoxin concentrations were 400 pg/mg for birch dust and 140 pg/mg for oak 
dust (LAL test). 
 
4.2.3 LPS (I, III) and TiO2 dust (I, III, IV) 
Endotoxins are intrinsic components of microbial structure that induce cytokine 
production in phagocytes (Janeway et al., 2005). A potent endotoxin, LPS, was used as 
a control to study whether endotoxins at the concentrations found in the wood dust 
preparations could induce, as such, cytokine, chemokine and chemokine receptor 
production in RAW 264.7 cells and mice. LPS from Shigella flexneri serotype 1A was 
purchased from Sigma (St. Louis, MO) and was sterile-filtered after being dissolved in 
phosphate-buffered saline (PBS). The same LPS stock was used in the experiments I 
and III. 
The relatively innocuous TiO2 (titanium (IV) oxide) dust (Aldrich Chem. Co, 
Milwaukee, WI) was used as a control to test whether particles per se could induce 
cytokine, chemokine, and chemokine receptor production in RAW 264.7 cells and mice. 
TiO2 dust particles had diameters less than 5 Pm (I: Fig. 1). The same TiO2 stock was 
used in the experiments I, III, and IV. 
 
4.2.4 Cell culture (I-II) 
RAW 264.7 cells were grown at 37°C in 5% CO2 in RPMI (Roswell Park Memorial 
Institute) medium supplemented with 2 mM L-glutamine, 100 units of penicillin and 
100 units of streptomycin sulfate per ml, and 10% (volume/volume) fetal bovine serum 
(Gibco/Invitrogen, Carlsbad, CA). 
  
4.2.5 Animals (III-IV) 
Female BALB/c mice were obtained from Taconic MandB A/S (Ry, Denmark). The 
mice were housed under specific pathogen-free conditions and maintained on an OVA-
free diet. The mice were 6–8 weeks old at the beginning of the experiments. All the 
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experiments were approved by the Social and Health Care Department at the State 
Provincial Office of Southern Finland. 
 
4.3 Methods (I-IV) 
4.3.1 Wood dust, TiO2, LPS, or PBS exposure in in vitro studies (I-II) 
Wood dusts (see 4.2.1) (I-II) or TiO2 (I) were suspended in PBS to prepare a series of 
dilutions immediately before the exposure. These PBS suspensions were further diluted 
by adding nine parts of cell culture medium to one part of PBS suspension. The cell 
culture medium was removed from the RAW 264.7 cells and 5 ml of dust suspension 
was added to the cells at wood dust concentrations of 0 (PBS control), 10, 30, 100, or 
300 Pg/ml. Cells (about 10 million cells per a 25 cm2 cell culture flask) were incubated 
under normal cell culture conditions for 2, 6, 24, or 48 hours. At the end of the 
incubation period, the cells were collected and the cell culture supernatants were stored 
at -20°C for ELISA (enzyme-linked immunosorbent assay) analyses. Similarly prepared 
LPS solution was added to the cells at the LPS concentrations of 0 (PBS control), 10, or 
100 pg/ml (I). 
 
4.3.2 Assessment of direct effects of wood dust exposure in mice (III) 
The wood dust (see 4.2.2), TiO2, or LPS suspensions or PBS were administered i.n. 
under light anaesthesia using isoflurane (Abbott Laboratories Ltd, Queenborough, 
England) two times a week for three weeks (on days 1, 4, 8, 11, 15, and 18 starting from 
the beginning of the experiment) (Fig. 3). Eight mice per group received either 0.5 or 50 
Pg wood dust or TiO2 in 50 Pl of PBS into the nostrils. Control mice were given 50 Pl 
PBS or LPS at the same concentration as LPS in birch dust (20 pg/50 Pl). Airway 
responsiveness (AR) to inhaled methacholine (MCh) was measured 24 h after the sixth 
i.n. instillation (day 19). After that the mice were killed by CO2 asphyxiation and 
samples were collected as described later. 
 
 
Figure 3. Schematic illustration of the exposure protocol in the experiment III. I.n. 
denotes intranasal administration of the individual exposure agent (wood dust, TiO2, 
LPS, or PBS). 
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4.3.3 Assessment of immunomodulatory effects of oak dust exposure in 
 experimental asthma (IV) 
Mice were sensitized i.p. on days 1 and 11 (starting from the beginning of the 
experiment) with 20 Pg of OVA (Sigma, St. Louis, MO) emulsified in Imject Alum 
adjuvant (Pierce, Rockford, IL) in 100Pl of PBS (Fig. 4). The control groups were 
sensitized with Imject Alum adjuvant (Pierce, Rockford, IL) in 100 Pl of PBS. Part of 
the mice were treated with i.n. instillations of 50 Pg of oak dust suspension in 50 Pl of 
PBS under light anaesthesia (Isoflurane; Abbott Laboratories Ltd, Queenborough, 
England) two times a week for three and a half weeks (on days 2, 5, 8, 12, 15, 19 and 23 
starting from the beginning of the experiment). Control mice were given i.n. 50 Pl of 
PBS or 50 Pg of TiO2 powder suspended in 50 Pl of PBS at the same times. On days 22-
24, all mice were challenged with 1% OVA solution via the airways for 20 minutes 
administered via an ultrasonic nebulizer (DeVilbiss, Glendale Heights, IL). 
 
 
Figure 4. Schematic illustration of the sensitization and exposure protocol in the 
experiment IV. I.n. denotes intranasal administration of the individual exposure agent 
(wood dust, TiO2, LPS, or PBS). 
 
4.3.4 Determination of airway responsiveness (III-IV) 
AR to inhaled MCh was measured to gather some functional information about the 
state of the lungs after wood dust exposure. AR was measured 24 h after the sixth i.n. 
instillation (day 19) (III) or 48 h after the seventh i.n. instillation (day 25) (IV) using a 
single chamber, whole-body plethysmograph system (Buxco Electronics, Inc., Sharon, 
CT) as described previously (Hamelmann et al., 1997). Briefly, the animal was exposed 
in a chamber for 5 min to nebulized PBS and after that to increasing concentrations (1, 
3, 10, 30, and 100 mg/ml) of MCh (Sigma, St. Louis, MO) using an AeroSonic 5000 D 
ultrasonic nebulizer (DeVilbiss, Glendale Heights, IL). Recordings were taken for 5 min 
after each nebulization. The measured enhanced pause (PenH) values were averaged 
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and expressed for each MCh concentration as the percentage of baseline PenH values 
(% baseline PenH). 
 
4.3.5 Mice sample collections and lung preparations (III-IV) 
The mice were killed by CO2 asphyxiation after the determination of AR. The blood 
was drained from the hepatic vein. The chest cavity was opened and the lungs were 
lavaged with PBS via the tracheal tube (1 x 800Pl for 10 s). The BAL samples were 
cytocentrifuged (Shandon Scientific Ltd, Runcorn, UK), stained with May Grünwald-
Giemsa (MGG) (Merck, Whitehouse station, NJ), and counted in 40 high-power fields 
at x 1000 under light microscopy (Nikon EclipseE800, Leica Microsystems GmbH, 
Wetzlar, Germany). The left lung was removed for RNA isolation, quick-frozen and 
kept at -70ºC. For histological examination, the right lung was perfused with 10% 
formalin (500 Pl) and stored in formalin for 24 hours. Formalin-fixed lungs were 
embedded in paraffin and cut into 5Pm-thick sections.  The slides were stained with 
haematoxylin and eosin (HE) (III) or HE and Periodic Acid Schiff (PAS) (IV) solutions 
and the amount of lung inflammation was examined under light microscopy. 
 
4.3.6 RNA isolation and cDNA synthesis (I-IV) 
Total RNAs from the RAW 264.7 cells (I-II) and from the mice lungs (III-IV) were 
extracted using TRIzol (Total RNA Isolation) reagent (Gibco/Invitrogen, Carlsbad, CA) 
according to the manufacturer’s instructions. RAW 264.7 cells were lyzed by pipetting 
and vortexing in TRIzol reagent (I-II). The lungs were homogenized in TRIzol reagent 
using an Ultra-Turrax T8 homogenizer (IKA Werke GmbH and Co. KG, Staufen, 
Germany) (III-IV). The RNA samples (I-IV) were then treated with RNase-free DNase 
(Roche, Branchburg, NJ) to remove residual DNA. A total of 1 Pg of RNA per sample 
was reverse-transcribed using TaqMan Reverse Transcription Reagents into cDNA 
(complementary DNA) (Applied Biosystems, Foster City, CA). 
 
4.3.7 Real-time PCR (I-IV) 
cDNA samples were amplified exponentially using PCR with fluorescent probes. The 
formation of products was detected in real time during the amplification cycles. In real-
time PCR, the amount of the PCR template (and thereby the amount of corresponding 
mRNA in the sample) is directly proportional to the amplification speed of the PCR 
product. The more templates, the earlier the PCR product will become detectable during 
the amplification cycles. A twofold difference in the amount of mRNA in the sample 
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translates into the difference of one PCR amplification cycle in the formation of the 
PCR product (two cycles mean a 4-fold difference in the amount of template, and so 
on). In this way, a very exact quantitative mRNA analysis is possible and even trace 
amounts of specific mRNAs can be detected. 
PCR primers and fluorogenic probes for murine IL-1E, IL-2, IL-4, IL-5, IL-6, IL-10, 
IL-12p40, IL-13, IFN-J, TNF-D, CCL1, CCL2, CCL3, CCL5, CXCL2, CXCL5, 
CXCL9, CXCL12, CCR7, CCR10, CXCR2, and CXCR3 were purchased from Applied 
Biosystems (Foster City, CA). PCR primers and fluorogenic probes for murine TGF-E, 
CCL4, CCL8, CCL11, CCL12, CCL17, CCL20, CCL24, CCL27, CCR1, CCR2, CCR3, 
CCR4, CCR5, and CCR8 were designed using the computer program Primer Express 
2.0 (Applied Biosystems, Foster City, CA) and were purchased from Applied 
Biosystems (for the nucleotide sequences see I: Table 1; III: Materials and methods).  
In the first in vitro study (I), in which the effects of birch and oak dusts on RAW 
264.7 cell line were studied, the following cytokines, chemokines, and chemokine 
receptors were tested: IL-1E, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p40, IL-13, INF-J, 
TGF-E, TNF-D, CCL1, CCL2, CCL3, CCL4, CCL5, CCL8, CCL11, CCL12, CCL17, 
CCL20, CCL24, CCL27, CXCL2, CXCL5, CXCL9, CXCL12, CCR1, CCR2, CCR5, 
and CCR8. The following cytokines and chemokines, the expressions of which were 
either induced or inhibited in study I, were selected for study II, in which the effects of 
teak, beech, pine, and spruce dusts were studied in RAW 264.7 cells: IL-1E, IL-6, TNF-
D, CCL2, CCL3, CCL4, CCL24, and CXCL2. 
In the first animal study (III), in which the effects of wood dusts (oak and birch) were 
studied in non-allergic mice, the following cytokines, chemokines, and chemokine 
receptors were tested: IL-1E, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p40, IL-13, INF-J, 
TGF-E, TNF-D, CCL1, CCL2, CCL3, CCL4, CCL5, CCL8, CCL11, CCL12, CCL17, 
CCL20, CCL24, CCL27, CXCL2, CXCL5, CXCL12, CCR1, CCR2, CCR3, CCR4, 
CCR5, CCR7, CCR8, CCR10, CXCR2, and CXCR3. Due to financial reasons, it was 
impossible to test all of them in the second animal study (IV), in which the effects of 
oak dust exposure were studied in allergic mice and thus the following were selected:  
pro-inflammatory cytokines IL-1E and TNF-D, Th1 cytokine IFN-J, Th2 cytokine IL-
13, and chemokines CCL3, CXCL2, and CXCL5. 
PCR reactions were performed with an ABI PRISM 7700 Sequence Detection System 
(TaqMan; Applied Biosystems, Foster City, CA) in a 96 well microtiter plate format as 
described in the article I. 
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4.3.8 Cytokine and chemokine ELISAs (I, II, IV) 
TNF-D, IL-6, and CCL2 proteins from the cell culture supernatants (I-II) and IL-13, 
TNF-D, and CCL3 proteins from the BAL fluids (IV) were analyzed using commercial 
ELISA kits. The expression of several interesting cytokines and chemokines could not 
be studied at the protein level because there were no antibodies available or the 
available antibodies were not sensitive enough to detect the levels of cytokines or 
chemokines being secreted in minute quantities. 
 
4.3.9 Measurement of serum antibodies (III-IV) 
To study the humoral immune response, the plasma levels for total IgE (a surrogate 
marker for Th2 response) and total IgG2a (a surrogate marker for Th1 response) were 
measured by ELISA (III) (Mosmann and Coffman, 1989). Briefly, a 96-well plate 
(Immunoplate, Nunc, Rochester, NY) was coated with either anti-mouse IgE (553413, 
Pharmingen, BD Biosciences, San Diego, CA) or anti-mouse IgG2a antibodies (553446, 
Pharmingen). The serum samples (1:50, 1:100, and 1:200 dilutions for total IgE and 
1:1500, 1:450, and 1:13500 dilutions for total IgG2a) were added to the plate and 
incubated overnight. Biotinylated anti-mouse IgE (553419, Pharmingen) or IgG2a 
(553388, Pharmingen) and streptavidin horseradish peroxidase (554066, Pharmingen), 
together with the substrate (ABTS Microwell Peroxidase Substrate System, KPL, 
Gaithersburg, MD), were used to detect the bound antibody levels measured at 405 nm 
with an ELISA plate absorbance reader (Multiskan MS, Labsystems, Helsinki, Finland). 
Total IgE and IgG2a levels were calculated by comparing with known mouse IgE 
(557079, Pharmingen) or IgG2a (553454, Pharmingen) standards. 
Serum levels of OVA-specific IgE and IgG2a (IV) were also measured by ELISA. For 
the analysis of OVA-specific IgG2a, a similar 96-well plate as above was coated with 
OVA (Sigma, St. Louis, MO). The serum samples (1:60 and 1:180 dilutions) were 
added to the plate and incubated overnight. Biotinylated anti-mouse IgG2a (553388, 
Pharmingen) was added and streptavidin horseradish peroxidase (554066, Pharmingen), 
together with the substrate (ABTS Microwell Peroxidase Substrate System, KPL, 
Gaithersburg, MD), was used to detect the bound antibody levels. For the analysis of 
OVA-specific IgE, a plate was coated with anti-mouse IgE antibodies (553413, 
Pharmingen, BD Biosciences, San Diego, CA). After blocking with PBS/3 % bovine 
serum albumin, the serum samples (diluted 1:20) were added to the plate and incubated 
overnight. Biotinylated OVA (see below) was added and streptavidin horseradish 
peroxidase (554066, Pharmingen), together with the substrate (ABTS Microwell 
Peroxidase Substrate System, KPL, Gaithersburg, MD), was used to detect the bound 
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antibody levels. Optical density was measured at 405 nm as described above. OVA was 
biotinylated by incubating OVA (Sigma, St. Louis, MO) solution for 2 h with NHS-LS-
Biotin (21336, Pierce, Rockford, IL) on ice. The unbound biotin was removed using 
Centricon tubes (Amicon, Beverly, MA). 
 
4.3.10 Measurement of cell viability (I-II) 
The effect of different treatments on the survival of RAW 264.7 cells was determined 
by counting the viable cells in a hemocytometer and by using the trypan blue dye 
exclusion test following the instruction of the manufacturer of the dye (Sigma, St. 
Louis, MO) (I, II). 
 
4.3.11 Statistical analysis (I-IV) 
In the studies I-II, general linear models (ANOVA - analysis of variance) were used 
to examine whether the effects of wood dusts on cytokine or chemokine expression 
were dependent of the dose of wood dust (I-II), whether the effects induced by oak or 
birch dust differed significantly from each other (I), and whether the effects induced by 
hardwood dusts (teak and beech) differed significantly from the effects induced by 
softwood dusts (pine and spruce) (II). Statistical significance was defined as p<0.05. 
In studies III-IV, single-group comparisons were performed by the non-parametric 
Mann–Whitney U test. P-values <0.05 were considered to be statistically significant. 
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5 RESULTS 
5.1 Both hardwood and softwood dusts modulate cytokine and chemokine 
 expression in RAW 264.7 cell line (I-II) 
The tested hardwood and softwood dusts induced similar changes in the expression of 
cytokines and chemokines in RAW 264.7 cell line cells. However, some quantitative 
differences were detected in cytokine and chemokine expression, when the effects of 
oak and birch dust exposures were compared, with birch dust being a more potent 
inducer of cytokine and chemokine expression in RAW 264.7 cells. Both the hardwoods 
and softwoods were able to induce the expression of TNF-D and IL-6 cytokines and 
inhibit IL-E expression. Moreover, the tested wood dusts induced the expression of 
chemokines CCL2, CCL3, CCL4, and CXCL2 and inhibited CCL24 expression. 
Wood dusts did not induce the expression of major Th1 (IFN-J and IL-12p40), Th2 
(IL-4, IL-5, and IL-13), or anti-inflammatory/regulatory cytokines (IL-10 and TGF-E), 
or several chemokines (CCL1, CCL5, CCL8, CCL11, CCL12, CCL17, CCL20, CCL27, 
CXCL5, CXCL9, and CXCL12) in RAW 264.7 cells. Moreover, the mRNA expression 
of chemokine receptors CCR1, CCR2, CCR5, and CCR8 was not induced after wood 
dust exposure. TiO2 dust induced a 5-6 -fold increase in CCL3 and CCL4 mRNA 
expression and a very weak increase in CCL2 protein and CXCL2 mRNA expression. 
Table 3 summarizes the observed changes in the cytokine and chemokine expression in 
the RAW 264.7 cells after exposure to different wood dust species and TiO2. 
All the tested wood dusts had a similar effect on the viability of RAW 254.7 cells at 
the concentration of 300 Pg/ml. The viability decreased slightly during the first hours 
after the exposure, but after 24 hours the cells had recovered. 
 
5.2 Wood dust induced airway inflammation in non-allergic mice (III) 
Both oak and birch dust induced an influx of macrophages, neutrophils, lymphocytes, 
and eosinophils into the lungs of non-allergic mice. Birch dust induced a greater 
infiltration of eosinophils than oak dust, whereas oak dust induced especially 
lymphocytes and neutrophils. Both the dusts increased similarly the number of 
macrophages in the BAL. TiO2 dust induced a weak influx of neutrophils into the BAL. 
The microscopic analysis of the cells in the BAL fluids revealed that alveolar 
macrophages from the dust-exposed animals contained internalized dust particles.  
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Table 3. Summary of results from the in vitro experiments I-II. Only those cytokines 
whose expression was either decreased or increased after dust exposure are shown. 
Results are expressed as fold inhibition (minuses) or fold induction (pluses) compared 
to unexposed control cells as follows: (- - - -) í30×, í30×< (- - -) í15×, í15×< (- -) 
í8×, í8×< (-) í3×, í3×< 0 <3×, 3× (+) <8×, 8× (++) <15×, 15× (+++) <30×, 
30× (++++). 
 
 
 
Oak dust was a stronger inducer of cytokine and chemokine mRNA expression in the 
lungs of non-allergic mice compared with birch dust. Both birch and oak dust induced 
significantly the mRNA expression of cytokine TNF-D and chemokines CCL3, CCL17, 
and CXCL2. In addition, exposure to oak dust also induced cytokines IL-1E and TGF-E 
and chemokines CCL4, CCL8, CCL11, CCL12, CCL20, and CXCL5. Of the tested 
chemokine receptors, oak dust induced the mRNA expression of CCR1, CCR2, CCR3, 
CCR4, CCR5, CCR8, and CXCR2, whereas birch dust induced significantly only 
CCR1, CCR2, and CCR5. TiO2 dust induced only CCL3, CCL4, and CXCL2 
chemokine mRNAs. Table 4 summarizes the observed changes in the infiltration of 
inflammatory cells and mRNA expression of several cytokines, chemokines, and 
chemokine receptors in the lungs of non-allergic mice after exposure to birch, oak, or 
TiO2 dusts in the experiment III. 
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Table 4. Summary of the increased infiltration of inflammatory cells and induction of 
cytokine, chemokine, and chemokine receptor mRNA expression in the lungs of non-
allergic mice after birch, oak, or TiO2 dust exposure in the experiment III. The 
statistical significance of the observed increase is shown. *p <  0.05, **p < 0.01, ***p < 
0.001, ns = not significant (i.e. no increase). n = 7-8. 
 
 
 
Wood dust exposure did not induce the expression of pro-inflammatory cytokine IL-
6, anti-inflammatory/regulatory cytokine IL-10, Th1 cytokines IFN-J and IL-12 p40, 
Th2 cytokines IL-4, IL-5, and IL-13, chemokines CCL1, CCL5, CCL24, CCL27, and 
CXCL12, or chemokine receptors CCR7, CCR10, and CXCR3 (partly unpublished 
result, data not shown). 
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MCh-induced bronchial reactivity was not altered significantly after exposure to 
wood dust in non-allergic mice. Moreover, there was no significant increase in the 
levels of total IgE or total IgG2a after wood dust exposure. 
 
5.3 Modulation of experimental asthma by wood dust exposure (IV) 
Oak dust induced an influx of lymphocytes, neutrophils, and macrophages into the 
lungs of allergic mice, whereas the number of eosinophils was unaffected when 
compared to non-exposed, allergic control mice. The infiltration of lymphocytes into the 
BAL after exposure to oak dust was significantly greater in OVA-allergic mice when 
compared to non-allergic mice. On the contrary, however, the influx of neutrophils into 
the BAL was significantly reduced in allergic mice compared to non-allergic mice 
treated with oak dust.  
Airway hyperresponsiveness (AHR) to inhaled MCh was significantly reduced in oak 
dust exposed, allergic mice when compared to non-exposed allergic mice. However, the 
number of mucus producing cells in the airway epithelia was similar in mice exposed to 
oak dust compared to non-exposed mice. 
With respect to the tested cytokines and chemokines, oak dust induced only TNF-D 
mRNA expression in the lungs of allergic mice. Moreover, ELISA analysis revealed 
that oak dust-induced TNF-D protein expression (a 5-fold increase in non-allergic mice) 
was significantly inhibited in allergic mice when compared to non-allergic mice. In 
addition, oak dust inhibited significantly the expression of a major Th2 cytokine, IL-13, 
both at the mRNA and protein levels. The expression of a major Th1 cytokine, IFN-J, 
and a pro-inflammatory cytokine IL-1E was not induced in allergic mice after exposure 
to oak dust. The tested chemokines, CCL3, CXCL2, and CXCL5, which were induced 
significantly in non-allergic mice treated with oak dust, were not induced in OVA-
allergic mice after exposure to oak dust. On the contrary, the oak dust-induced CCL3 
protein and CXCL2 mRNA expression, which was detected in non-allergic mice, was 
significantly reduced in allergic mice. TiO2 dust did not inhibit the expression of any of 
the tested cytokines or chemokines in allergic mice, but induced CCL3 mRNA 
expression (p < 0.05) (previously unpublished results). 
Oak dust did not have any significant effect on OVA-specific IgE and IgG2a levels in 
the serum of allergic mice. 
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6 DISCUSSION 
Exposure to wood dust is very common. It has been estimated that in the EU 
countries alone approximately 3.6 million workers were exposed to inhalable wood dust 
in 2000-2003 (Kauppinen et al., 2006). The health effects of wood dust exposure have 
been studied mainly in epidemiological studies. Numerous epidemiological studies have 
shown that repeated exposure to wood dust is associated with an increased risk of many 
malignant and non-malignant respiratory diseases as well as some other diseases or 
symptoms (Enarson and Chan-Yeung, 1990; Flechsig and Nedo, 1990; Demers et al., 
1995). Both hardwoods and softwoods are known to cause irritation, bronchial 
hyperresponsiveness, and airway inflammation (Demers et al., 1997). 
Epidemiological studies that have examined the health risks among wood workers 
have some indisputable advantages. The subjects of such studies are humans that have 
been exposed to wood dusts in real life working environments, many of them over a 
very long period of time. These three factors, humans, real working environments, and a 
very long-term exposure, make these studies valuable. On the other hand, such studies 
have also some limitations. One major problem of the epidemiological studies is the 
difficulty to define exposure. Woodworkers are usually exposed to several wood dust 
species during their careers and their exposure to other hazardous ambient air particles 
than wood dust can also be significant (Kauppinen et al., 2006; Salonen and Pennanen, 
2007). Moreover, many of the diseases related to wood dust have a very long latency 
time (e.g. about 40 years in the case of nasal adenocarcinoma (Nylander and Dement, 
1993)), which complicates even further the determination of the exposure in each case. 
Therefore, even though the epidemiological studies indicate what kinds of symptoms 
and diseases may result from exposure to wood dust, they reveal very little of the 
harmful potential of individual wood dust species. It is even difficult to compare the 
harmful potential of hardwood dusts vs. softwood dusts using the data of the majority of 
epidemiological studies. Moreover, the study of the molecular and cellular mechanisms, 
through which wood dust causes occupational diseases, is in its infancy. The overall aim 
of the present study was to increase the knowledge of the molecular and cellular 
mechanisms behind wood dust induced pulmonary inflammation.  
 
6.1 Inflammatory responses to wood dust exposure in RAW 264.7 cells (I-
 II) 
In the first part of the present study, the effects of wood dust exposure were examined 
on RAW 264.7 macrophages. The main focus was to explore whether exposure to wood 
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dust could induce cytokine, chemokine, and chemokine receptor expression in murine 
macrophages and, if so, what are the expression profiles of specific cytokines, 
chemokines and chemokine receptors after exposure to each wood dust species. 
The tested hardwood (birch, oak, beech, and teak) and softwood dusts (pine and 
spruce) induced similar changes in the expression of cytokines and chemokines in RAW 
264.7 cells. Some cytokines and chemokines were either upregulated or downregulated 
in RAW 264.7 cells after exposure to wood dust. The detected differences between 
different wood dust species (e.g. oak and birch) in their ability to induce or inhibit 
cytokine and chemokine expression were generally merely quantitative. The tested 
hardwoods and softwoods behaved as groups rather similarly. 
All the tested wood dusts were able to induce the expression of pro-inflammatory 
cytokines (TNF-D and/or IL-6) in RAW 264.7 macrophages. The present results suggest 
that wood dust may promote inflammation through macrophages by inducing the 
expression of these pro-inflammatory mediators. These results are consistent with the 
study of Long et al. (2004), in which pine dust exposure induced TNF-D mRNA and 
protein in rat alveolar macrophages in vitro. The biological significance of the observed 
decrease in IL-1E mRNA expression in macrophages after exposure to wood dusts is 
unknown and will require further study. Since TNF-D shares many biological properties 
with IL-1E, the increased expression of TNF-D after exposure to wood dust might 
compensate for some possible deficiencies in the function of IL-1E(Fantuzzi et al., 
1996). 
All the tested wood dusts induced the expression of chemokines CCL2, CCL3, CCL4, 
and CXCL2 and inhibited the expression of CCL24. TiO2 dust did not have any 
appreciable effects on most of the chemokines, but it induced the expression of 
chemokines CCL3 and CCL4 to the same level as oak and pine dusts. Therefore, the 
levels of CCL3 and CCL4 mRNA detected after oak and pine dust exposure may be 
related to the phagocytosis phenomenon per se. It should be noted, however, that RAW 
264.7 cells produced higher levels of CCL3 and CCL4 mRNAs after birch, teak, beech, 
and spruce dust exposures compared with exposure to TiO2. These results suggest that 
the wood dust-induced chemokine expression is only partially affected by the 
interaction of macrophage cells with particles per se. 
CCL2, CCL3, CCL4, and CXCL2 and their receptors are upregulated in a variety of 
inflammatory lung diseases. In the lungs of patients with chronic obstructive pulmonary 
disease (COPD) there is an increase in CCL2 and CCR2 expression and also abnormally 
high numbers of macrophages (de Boer et al., 2000). The expression of CLL2 in the 
lungs is also elevated in allergic asthma, chronic bronchitis, idiopathic pulmonary 
fibrosis, and coal worker's pneumoconiosis (Antoniades et al., 1992; Boitelle et al., 
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1997; RóĪyk et al., 1997). CCL3 and/or CCL4 expressions have been observed to be 
upregulated in several infectious diseases of the lung and in allergic asthma, chronic 
bronchitis, pulmonary fibrosis, pulmonary sarcoidosis, and systemic sclerosis (Menten 
et al., 2002). CXCL2 appears to operate mainly in acute inflammation and innate 
immunity (Murphy et al., 2000; Schramm and Thorlacius, 2003). It is upregulated, for 
example, in hyperoxia-induced lung injury and acute bronchitis (Farone et al., 1995; 
Sue et al., 2004). According to our current knowledge, exposure to wood dust may 
induce many of these diseases (see 2.2.3). Therefore, these chemokines, which were 
upregulated in macrophages after wood dust exposure, may have a role in the 
pathogenesis of some wood dust-associated inflammatory lung diseases.  
CCL24 binds to CCR3, which is primarily expressed on a variety of cells that are 
associated with allergy (e.g. eosinophils, basophils, and Th2 polarized cells) (Onuffer 
and Horuk, 2002). In eosinophils, binding of CCL24 to CCR3 induces chemotaxis, 
calcium mobilization, oxygen radical production, and granule release (Conroy and 
Williams, 2001). To my knowledge, no similar downregulation of CCL24 in 
macrophage cells has been reported previously as was observed in the RAW 264.7 cells 
after wood dust exposure in the present study. The mechanisms and biological 
significance of the wood dust induced downregulation of CCL24 mRNA expression in 
macrophages remain unknown and require further studies. 
All the tested wood dusts had a similar effect on the viability of RAW 264.7 cells. 
The tested wood dusts had also very similar size distributions and their endotoxin levels 
were so low that LPS at these concentrations was not able to induce cytokine and 
chemokine production in RAW 264.7 cells. Therefore, the observed differences in 
cytokine and chemokine expression after exposure to different wood dust species (e.g. 
birch and oak) cannot be attributable to the differences in the cell toxicity of the wood 
dusts or to the differences in their particle size distribution, or to their different 
endotoxin content. These findings suggest that the observed differences may be due to 
differences in the chemical composition of different wood dust species. 
None of the tested wood dusts stimulated chemokine receptor mRNA production in 
the RAW 264.7 cell line. Unfortunately, the cell-surface expression of chemokine 
receptors could not be analyzed in RAW 264.7 cells, since wood fibers interfere with 
the optic systems of flow cytometry instruments. 
In the study of Bornhold et al. (2007), oak, birch, beech, teak, pine, and spruce dusts 
were tested on the human lung epithelial cell line A549. Consistent with the current 
results, no significant differences were observed between hardwood dusts and softwood 
dust in their ability to induce cytokine (IL-6) or chemokine (CXCL8) expression. 
Moreover, similarly to the present study, some quantitative differences were detected 
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between individual wood dust species in their ability to induce cytokine and chemokine 
expression. According to the results of Bornhold et al. (2007), oak and beech dusts 
appear to be weaker inducers of IL-6 and CXCL8 expression in A549 cells than the 
other tested wood dusts. In the present study, oak and beech dusts were also among the 
weakest inducers of cytokine and chemokine expression in RAW 264.7 cells. However, 
these results should be interpreted with caution since oak dust was a stronger inducer of 
cytokine and chemokine expression than birch dust in the lungs of mice (III). It should 
be also noted that CXCL8, which was assessed in the study of Bornhold et al. (2007), is 
not expressed in murine cells. 
 
6.2 Wood dust induced airway inflammation in non-allergic mice (III) 
After the in vitro experiments, a non-allergic BALB/c mice model was utilized to 
investigate the direct effects of repeated wood dust exposures on lung functions and 
airway inflammation in vivo. Oak and birch dusts were selected for this study because 
birch dust elicited a striking expression of cytokines and chemokines in RAW 264.7 
cells compared to oak dust, which had only a minor effect. In addition, these wood dusts 
were considered to be a good pair, since they possibly differ from each other in their 
hazardousness. Oak dust has been linked in many studies to an increased risk of 
sinonasal cancer and several other diseases of the airways, whereas it is more difficult to 
find diseases that are specifically connected to exposure to birch dust (Mohtashamipur 
et al., 1989; Nylander and Dement, 1993; Malo et al., 1995; Wolf et al., 1998; Klein et 
al., 2001).  
The inflammatory diseases induced by wood dust (e.g. allergic rhinitis, chronic 
bronchitis, and asthma) are characterized by an infiltration of inflammatory cells, such 
as macrophages, neutrophils, lymphocytes, and eosinophils, to the site of inflammation 
(Owen, 2001; McSharry et al., 2002; Sebastiani et al., 2002; Stahl et al., 2002; Hamid 
et al., 2003). It has been reported earlier that exposure of healthy volunteers to wood 
chip mulch dust increases the numbers of neutrophils in their BAL fluid (Wintermeyer 
et al., 1997). Moreover, the numbers of T-lymphocytes and eosinophils have been 
reported to be increased in BAL fluid of healthy individuals after exposure to pine dust 
(Gripenbäck et al., 2005). Consistent with these reports, repeated wood dust (birch and 
oak) instillations provoked an increase in the numbers of neutrophils, lymphocytes, and 
eosinophils in the lung tissue and BAL fluid of non-allergic mice in the present study. 
Moreover, both the tested wood dusts induced an infiltration of macrophages into the 
lungs of non-allergic mice. The current results indicate that different wood dusts may 
induce differently specific leukocyte subsets: after oak dust exposure, infiltration of 
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lymphocytes was significantly greater than after birch dust exposure, whereas 
eosinophils dominated after birch dust exposure. TiO2 dust was a much weaker inducer 
of infiltration of inflammatory cells compared with the tested wood dusts. Exposure to 
TiO2 dust did not cause any detectable histological signs of lung inflammation and 
induced only a weak increase in the number of neutrophils in the BAL fluids. These 
results suggest that the much more intense increase in the inflammatory cells after wood 
dust instillations is wood dust specific. 
Both birch and oak dusts induced TNF-D expression in the lungs on non-allergic 
mice. Moreover, oak dust also induced IL-1E expression. The pro-inflammatory 
cytokines, TNF-D and IL-1E promote inflammation by activating a variety of 
inflammatory mediators that are crucial in the cascade of events leading to tissue 
inflammation (Borish and Steinke, 2003). Binding of TNF-D and IL-1E to their specific 
receptors on endothelial cells can induce the expression of several adhesion molecules, 
such as ICAM-1, VCAM-1, and E-selectin, which contribute to the adhesion of 
leukocytes to endothelium. Therefore, the upregulated TNF-D and IL-1E expression, 
induced by wood dust, may contribute to the observed increased inflammatory cell 
infiltration into the lungs of mice after repeated wood dust exposure. 
Exposure to oak dust upregulated TGF-E mRNA expression in non-allergic mice. 
Since TGF-E regulates the production of many extracellular matrix components and 
promotes fibrosis, the upregulated TGF-E expression after exposure to wood dust might 
promote the development of cryptogenic fibrosing alveolitis that has been suggested to 
be induced by wood dust exposure (Hubbard, 2001). Moreover, a previous study 
revealed that activated alveolar macrophages isolated from the patients with either 
chronic bronchitis or asthma released elevated amounts of TGF-E and fibronectin 
(Vignola et al., 1996). Therefore, the upregulated TGF-E expression after exposure to 
wood dust may also be related to the pathogenesis of these diseases.  
The expression of several chemokines and chemokine receptors was analyzed in the 
lungs of non-allergic mice to study in greater detail the mechanisms of inflammatory 
cell-recruitment into the lungs of mice after wood dust exposure. The increased 
chemokine and chemokine receptor expression was accompanied by an influx of 
macrophages, neutrophils, lymphocytes, and eosinophils into the lungs. With respect to 
the chemokines and chemokine receptors induced by both birch and oak dusts, CCL3, 
CCR1, CCR2, and CCR5 recruit monocytes and/or macrophages, CXCL2, CCR1, and 
CCR2 recruit neutrophils, CCL3, CCL17, CCR1, CCR2, and CCR5 recruit 
lymphocytes, and CCL3 and CCR1 recruit eosinophils (see tables 1 and 2). With respect 
to the chemokines and chemokine receptors induced by oak dust only, CCL2, CCL8, 
CCL12, CCR8, and CXCR2 recruit monocytes and/or macrophages, CXCL5, CCR8, 
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and CXCR2 recruit neutrophils, CCL2, CCL4, CCL8, CCL11, CCL12, CCL20, CCR3, 
CCR4, CCR8, and CXCR2 recruit lymphocytes, and CCL8, CCL11, CCL12, CCR3, 
and CXCR2 recruit eosinophils (see tables 1 and 2). Taken together, the chemokines 
and chemokine receptors, which were induced after exposure to wood dusts, are able to 
contribute to the infiltration of the particular leukocyte subsets, which were recruited 
into the lungs of non-allergic mice after wood dust exposure.  
In particular, exposure to oak wood dust induced the expression of several Th2-
associated chemokines (CCL8, CCL11, and CCL17) and chemokine receptors (CCR3, 
CCR4, and CCR8) (Onuffer and Horuk, 2002; Xiao et al., 2003; Fulkerson et al., 2004). 
Moreover, birch dust induced the infiltration of eosinophils into the lungs, a 
phenomenon which is often encountered in allergic asthma and a Th2-type immune 
response. Therefore, these factors may be involved in the development of wood dust-
induced asthma (Schlünssen et al., 2004). However, in the experimental setup used in 
the present study exposure to wood dust did not induce the classical signs of allergic 
asthma: increased expression of Th2 cytokines, AHR, and production of IgE antibodies 
(Oettgen and Geha, 2001). This may be due to the relatively short-term exposure. 
Therefore, it would be interesting to study whether a longer-term exposure to wood dust 
would induce the development of these classical signs of allergic asthma. 
TiO2 dust induced only the expression of CCL3, CCL4, and CXCL2 chemokines in 
non-allergic mice. These chemokines (especially CCL3 and CCL4) were also induced in 
RAW 264.7 cells after exposure to TiO2 dust. These results suggest that the expression 
of these chemokines may be upregulated when macrophages encounter all types of 
foreign particles. CXCL2 recruits neutrophils (see Table 1), which were increased in the 
lungs of mice after exposure to TiO2 dust. 
Generally, oak dust was a stronger inducer of cytokine, chemokine, and chemokine 
receptor mRNA expression than birch dust in the lungs of non-allergic mice. Several 
cytokines, chemokines, and chemokine receptors that were significantly induced by oak 
dust were not induced by birch dust. Therefore, the differences in cytokine, chemokine, 
and chemokine receptor expression after birch dust or oak dust exposure were not only 
quantitative but also qualitative. Since both birch and oak dusts had very similar size 
distributions and their endotoxin levels were very low, the observed differences in 
cytokine, chemokine, and chemokine receptor expression after exposure to either birch 
or oak dusts cannot be attributable to the differences in their particle size distribution or 
to their different endotoxin content. The most likely explanation for the differences 
between oak and birch dust-induced cytokine, chemokine, and chemokine receptor 
expressions is that it is attributable to differences in the chemical composition of these 
wood dusts. 
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6.3  Modulation of experimental asthma by wood dust exposure (IV) 
The second animal study examined how repeated exposure to wood dust could 
modulate inflammatory responses in OVA-sensitized, allergic mice. Oak dust was 
selected for this study because oak dust elicited stronger effects in non-allergic mice in 
comparison with birch dust. The OVA-asthma model exhibited the common markers of 
allergic asthma: an increase in Th2 cytokine expression, AHR, production of IgE 
antibodies, eosinophilia in the lungs, and an increase in the number of mucus producing 
cells in the airway epithelia (Oettgen and Geha, 2001).   
Oak dust induced only TNF-D mRNA production out of all the tested cytokines and 
chemokines in the lungs of OVA-allergic mice. TNF-D, IL-13, and CCL3 proteins and 
IL-1E, IL13, IFN-J, CCL3, CXCL2, and CXCL5 mRNAs were not induced by oak dust 
in allergic mice, although all of these chemokines and IL-1E and TNF-D cytokines were 
induced by oak dust in non-allergic mice. On the contrary, oak dust-induced expression 
of TNF-D and CCL3 proteins was significantly reduced in the lungs of allergic mice 
compared to their non-allergic counterparts. 
Pulmonary neutrophilia was reduced in oak-exposed allergic mice when compared 
with oak-exposed non-allergic mice. This reduction in the number of neutrophils may 
be connected with the observed reduction of CXCL2 expression (when oak dust -
exposed allergic mice are compared with non-allergic mice), since CXCL2 is a potent 
neutrophil chemoattractant in the rodent lung (Driscoll, 2000). Exposure to oak dust 
also downregulated Th2-type inflammation in allergic mice by inhibiting IL-13 
expression and reducing AHR. The reduced IL-13 expression may explain, at least 
partially, the reduced AHR, since previous studies have shown that IL-13 has an 
important role in the development of AHR (Hershey, 2003). 
There are some divergent results in the current literature about whether atopy can 
increase the risk for AHR after wood dust exposure. Vedal et al. (1988) have reported 
that atopy did not influence the occurrence of AHR after exposure to western red cedar 
wood dust, whereas  Schlünssen et al. (2004) have reported that atopic woodworkers are 
more susceptible than non-atopic subjects to developing asthmatic responses. The 
divergent results in these studies may be due to several factors. The most notable 
difference between these studies is the exposure to different wood dust species: western 
red cedar in the study of Vedal et al. (1988) and a mixture of several wood dusts and 
dusts from particle boards or fiber boards in the study of Schlünssen et al (2004). 
Plicatic acid from western red cedar wood dust is known to be a very potent chemical 
causing occupational asthma (Chan-Yeung, 1994). Moreover, there may be several 
unspecified factors that could affect the results of these studies, such as simultaneous 
exposure to bacteria or fungi, which may be present in varying concentrations in wood-
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working environments (Alwis et al., 1999; Mandryk et al., 1999). The results in the 
present study suggest that exposure to oak dust, which has no significant microbical 
contaminants, may not increase but rather suppress Th2 associated airway inflammation 
and AHR in allergic mice. However, one cannot exclude the possibility that a longer-
term exposure to oak dust might upregulate the classical markers of allergic asthma in 
allergic mice. 
TiO2 dust did not inhibit the expression of any of the cytokines or chemokines tested 
in study IV and did not reduce OVA-induced AHR to MCh. On the contrary, TiO2 dust 
induced CCL3 mRNA expression, which was not induced by oak dust in allergic mice. 
Therefore, the observed inhibitory immunonomodulatory effects of oak dust exposure in 
OVA allergic mice appear to be oak dust specific. 
In conclusion, these results demonstrate that the inflammatory outcome after 
exposure to oak dust is significantly dependent on the immunological status of the 
animal. This research indicates that oak dust downregulates some markers of the 
allergen-induced Th2 response in allergic mice. Moreover, the allergen-induced Th2 
response may, at the same time, downregulate the oak dust-induced inflammatory 
response.  
 
6.4 Future aspects 
This study provides some new basic information about the inflammatory responses in 
macrophages and the lungs of mice after exposure to wood dust. Further studies are 
needed to answer some important questions that arise from the current results. 
It was discovered in the present study that hardwood and softwood dusts had similar 
effects on cytokine and chemokine expression in RAW 264.7 macrophages. Future 
studies are needed to determine whether hardwoods and softwoods behave similarly 
also in vivo. A similar mouse model as used in study III could be utilized in that kind of 
study. 
More wood dust species (both hardwoods and softwoods) should be tested in 
experimental asthma models to determine whether the oak dust-induced suppression of 
the Th2-type immune response of allergic asthma is an oak dust specific phenomenon or 
whether other wood dust species can also downregulate some markers of the allergen-
induced Th2 response. Moreover, longer wood dust exposure times than three to three 
and half weeks should be tested both in different OVA-asthma models and in non-
allergic animals. 
In the present study, it was found that there are differences between individual wood 
dust species (e.g. oak and birch) in their ability to induce inflammatory responses both 
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in macrophages and the lungs of mice. At the moment, however, the causes for these 
differences are unknown. Since these differences arise most likely from the differences 
in the chemical composition of different wood dust species, it would be important to 
examine the possible immunomodulatory effects of various chemical components 
present in the different wood dust species. For example, it would be interesting to 
identify what chemical component (or components) of birch dust made it a more potent 
inducer of cytokine and chemokine expression in RAW 264.7 cells compared with oak 
dust, and why oak dust, on the contrary, was a more potent inducer of these mediators in 
vivo in mice. In addition to natural constituents of wood, additives and other possible 
impurities of wood (e.g. fertilizers, phytopharmaceuticals, and air pollutants) could not 
be excluded from such a study. This kind of study would require the isolation of 
bioreactive components from wood dusts by appropriate extraction methods. In the first 
phase of such a study, before proceeding to animal experiments, cell cultures, such as 
the RAW 264.7 cell line, could be useful in screening the effects of several candidate 
substances. 
The increased cytokine and chemokine expression induced by wood dust in the 
airways may also be associated with malignancies caused by prolonged wood dust 
exposure, since both cytokines and chemokines are important regulators of tumor 
growth and invasiveness (Dranoff, 2004; Zlotnik, 2006). However, that was beyond the 
scope of the present study and requires further studies. 
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7 SUMMARY AND CONCLUSIONS 
In the present study, the effects of wood dust exposure on cytokine, chemokine, and 
chemokine receptor expression were investigated on a murine macrophage RAW 264.7 
cell line using four hardwood dusts (oak, birch, beech, and teak) and two softwood dusts 
(pine and spruce). Moreover, the expression of several cytokines, chemokines, and 
chemokine receptors and some other markers of inflammation in murine lungs were 
examined after exposure to wood dust. Non-allergic BALB/c mice were used to study 
the direct effects of birch and oak dust exposures on murine lungs, whereas OVA-
sensitized allergic mice were used to study how oak dust exposure could modulate the 
inflammatory responses in experimental asthma. The effects of oak dust exposure were 
analyzed in all of the used experimental models. Figure 5 summarizes the effects of oak 
dust exposure on RAW 264.7 cells, non-allergic mice and OVA-sensitized, allergic 
mice. 
 
 
Figure 5. Summary of the observed effects of oak dust exposure in RAW 264.7 mouse 
macrophages, non-allergic BALB/c mice, and OVA-sensitized, allergic BALB/c mice. 
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The results in this thesis demonstrate that wood dust is able to induce a heterogeneous 
expression of cytokines and chemokines in the mouse macrophage RAW 264.7 cell line. 
The effects of the two studied wood dust groups, softwood and hardwoods, on the 
cytokine and chemokine expression of RAW 264.7 cells appear to be rather similar. 
Nonetheless, some quantitative differences were detected between different wood dust 
species in their abilities to affect cytokine and chemokine expression in RAW 264.7 
cells. The current results suggest that both hardwood and softwood dusts can influence 
the development of the inflammatory processes through macrophages by modulating the 
expression of macrophage derived cytokines and chemokines, which are the key 
molecules in the regulation of leukocyte recruitment to the site of inflammation. 
No clear-cut differences were detected between oak and beech dusts, which are the 
most common species identified in the studies on cancer (Mohtashamipur et al., 1989; 
Nylander and Dement, 1993; Wolf et al., 1998; Klein et al., 2001; SCOEL, 2003), and 
the other tested wood dust species in their ability to affect cytokine and chemokine 
expression in RAW 264.7 cells. However, oak dust appeared to be a weaker inducer of 
cytokine and chemokine expression in RAW 264.7 cells compared to birch dust. Also 
beech dust was among the weakest inducers of cytokine and chemokine expression in 
RAW 264.7 cells. On the contrary, in the lungs of mice, in the presence of all resident 
lung cells, repeated oak dust exposure induced a stronger cytokine, chemokine, and 
chemokine receptor expression compared to exposure to birch dust.  
The present study demonstrates that repeated exposure to wood dust can elicit lung 
inflammation in mice. Both oak and birch dusts were able to induce the recruitment of 
macrophages, lymphocytes, neutrophils, and eosinophils into the lungs of non-allergic 
mice. The current results indicate that lung inflammation induced by repeated i.n. 
instillations of wood dust is modulated by the induction of pro-inflammatory cytokines, 
leukocyte-attracting chemokines as well as specific chemokine receptors. Oak and birch 
dust exposure elicited quantitative and qualitative differences in pulmonary 
inflammation, suggesting that individual wood species may exhibit differences in 
elicitation of inflammatory responses. 
The results in this thesis also demonstrate that repeated exposure to oak dust is able to 
modulate allergic asthma in OVA-sensitized allergic mice. Repeated oak dust exposure 
appears to suppress some markers that are typical for the Th2-type immune response of 
allergic asthma, including bronchial responsiveness to inhaled MCh and the expression 
of IL-13. The present results indicate that the inflammatory outcome after oak dust 
exposure may be dependent on the immunological status of the animal. 
In the present study, the expression of cytokines, chemokines, and chemokine 
receptors was investigated for the first time in RAW 264.7 macrophages and in two 
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experimental mice models after wood dust exposure. The results provide some new 
information about the molecular and cellular mechanisms behind wood dust induced 
airway inflammation. The results of this study may be useful in the designing of further 
wood dust exposure studies (e.g. human studies) and when attempting to assess the 
hazardousness of different wood dust species. 
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